D
iffuse large B-cell lymphomas (DLBCL) are classified as a distinct lymphoma entity in the World Health Organization (WHO) classification. 1 In adults, DLBCL account for 30% to 40% of all lymphomas and represent the most frequent group of non-Hodgkin's lymphomas (NHL). DLCBL include various groups of lymphoid neoplasms and have heterogeneous clinical, histological, immunophenotypic, cytogenetic, and molecular features. The International Prognostic Index (IPI) is a clinical and biological score that segregates DLBCL patients into four prognostic groups with distinct median overall survivals. 2 The IPI score takes into account factors that are linked to the patient's characteristics (age, performance status), disease extension and tumor growth (disease stage, lactate dehydrogenase [LDH] level in the serum and extranodal involvement). However, it has been established that differences in clinical features and treatment responses are also dependent on genetic and molecular features that modify disease aggressiveness. Indeed, DLBCL are classified into three subgroups (germinal-center [GC] B-cell, activated B-cell, and primary mediastinal) according to patterns of gene expression. 3 Gene rearrangements (such as BCL-2, BCL-6 or 8q24/c-MYC) and protein expression (such as Bcl-2 or Bcl-6) have also been shown to have major prognostic value.
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A tandem t(14;18) and 8q24/c-MYC rearrangement is a situation referred to as a dual translocation. t(14;18) (q32;q21) is reported to be present in 85% to 90% of cases of follicular lymphoma (FL). 8 The translocation t(14;18) is also found in 10% to 40% of DLBCL. 4, 5, 9 The translocation between these two chromosomes juxtaposes the BCL-2 locus (located at 18q21) next to the regulatory regions of the IGH (locus at 14q32). This modifies the regulatory region of the proto-oncogene BCL-2 leading to Bcl-2 overexpression. Bcl-2 is an anti-apoptotic protein and its overexpression opposes mitochondrial apoptotic pathways.
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The c-MYC gene is located at 8q24. Translocation t(8;14)(q24;q32) was the first recurrent chromosomal abnormality ever reported in lymphoproliferative disorders. 11 It juxtaposes the c-MYC locus next to the IGH locus, resulting in overexpression of c-Myc protein, a key transcription factor that promotes cell cycling and tumor proliferation. Three recurrent translocations are observed in Burkitt's lymphoma (BL): t(8;14)(q24;q32); t(2;8)(p12;q24) and t(8;22)(q24;q11). However, 8q24/c-MYC rearrangements are identified in 7% to 15% of GC-derived DLBCL and reported to be predominantly associated with extranodal localizations. 5, [12] [13] [14] [15] The present study describes the clinical and biological features of 16 cases of DLBCL with concurrent t(14;18) and 8q24/c-MYC rearrangement.
Design and Methods

Case selection and treatment
From 1998 to January 2006, we identified 16 DLBCL cases with a dual translocation. Patients who had human immunodeficiency virus infection and those who had developed a NHL after a solid organ transplants were excluded. This study was approved by the local ethics commission.
The initial staging evaluation included the following assessments: a complete history and physical examination, blood cell counts, complete biochemical profile including LDH level, bone marrow aspiration and/or biopsy, computed tomography scan (thorax, abdomen and pelvis) and lumbar puncture. The clinical staging system was based on the Ann Arbor classification and IPI score was calculated as reported by Shipp et al. 2, 16 All patients but one received chemotherapy (with or without rituximab). Nine patients received CHOP, R-CHOP or high-dose CHOP-like (CEEP) regimens. 2 Because of central nervous system (CNS) involvement, seven patients received chemotherapy regimens incorporating high-dose methotrexate (COPADM) followed or not by high-dose cytarabine (CYVE). 20 We planned to perform autologous stem cell transplantation for all patients (under the age of 60 years) in complete or partial remission after initial chemotherapy. In two patients under the age of 50 years old who had HLA matched sibling donors, we performed allogeneic stem cell transplantation upfront. This decision was based on our previous results with DLBCL patients with concurrent t(14;18) and 8q24/c-MYC rearrangement. DHAP and IVAM regimens were used as salvage chemotherapy. 21, 22 Three patients actually underwent autologous stem cell transplantation and two other patients, as described above, underwent allogeneic stem cell transplantation. Because of multiple organs failures at diagnosis, one patient (case 16) received only steroids. Progression-free survival (PFS) and overall survival (OS) times were calculated from the date of identification of the dual translocation.
Morphological analysis
Morphological features were assessed on hematoxylineosin-safran-stained histological sections of seven lymph nodes (inguinal, cervical, retroperitoneal), three extranodal (tonsil, skin, thoracic wall) and ten bone marrow paraffin-embedded biopsies obtained at diagnosis. Lymphoid neoplasms were classified according to the WHO Classification proposals of lymphoid tissues (WHO classification) (2001) and subclassified, when possible, according to the Kiel classification as proposed by the WHO classification. Peripheral blood and/or bone marrow aspirate smears (12 cases) and pleural effusion (1 case) stained with Wright-Giemsa were also analyzed and classified according to the WHO classification. 
Immunohistochemistry
Immunohistochemistry on paraffin sections was performed in 11 cases. Primary antibodies against the following antigens were used CD10 (56C6) from Novocastra (Newcastle, UK) and CD20 (L26) CD3, Bcl-6 (PG-B6p), Bcl-2 (124), Mum1 (Mum1p), Ki- 
Flow cytometry analysis
Ficoll-separated mononuclear cells from blood (1 case), pleural effusion (1 case), cerebrospinal fluid (1 case) and bone marrow aspirates (9 cases) were analyzed with a four-color FACSCALIBUR flow cytometer (Becton Dickinson, USA), and antibody combinations including allophycocyanin-conjugated CD19, peridinin chlorophyll protein-conjugated CD45, fluorescein isothiocyanate-conjugated CD10, CD20 and anti-Ig-kappa and phycoerythrin-conjugated CD5, CD38, anti-Ig lambda. The antibodies were purchased from Immunotech (France), Becton Dickinson (USA), and Dakopatts (Denmark). The positivity threshold was set at 30% of CD19 + cells for all markers.
Conventional cytogenetic analysis
Nodal tissues were systematically disaggregated with a scalpel blade to obtain a single-cell suspension. Unstimulated bone marrow aspirates, blood single-cell suspensions or pleural effusions were cultured at 37°C for 17 to 24 hours in RPMI 1640 medium supplemented with 20% fetal calf serum, glutamine and antibiotics. Cells were exposed to colcemid overnight followed by hypotonic treatment (KCl 0.075 M) for 35 min and then fixed with ethanol and acetic acid (3:1). Chromosome analysis was based on RHG-banded metaphases. The karyotypes are described according to the ISCN 1995 nomenclature.
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Fluorescence in situ hybridization (FISH)
FISH analysis was performed on cytogenetic preparations, using probes specific for BCL2, BCL6 and MYC rearrangements, as previously described. 25 The t(14;18) translocation was analyzed using the Cα2-COS-Ig10 and PAC-210C12 probes or the dual commercial ISI IGH/BCL2 probe (Vysis, Downers Grove, IL, USA).
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The 8q24/c-MYC rearrangements were analyzed using the 861F11 and 932H6 YAC probes or the dual-color break apart LSI MYC probe (Vysis, Downers Grove, IL, USA).
26 BCL6 rearrangements were analyzed using the dual-color break-apart LSI BCL6 probe (Vysis, Downers Grove, IL, USA). Additional FISH probes used to confirm the involvement of partner genes [t(2;8), t(8;22)] were: BAC 316 G9-5'CCN, BAC 525 L16-3'tel, BAC 1021 F11-3'tel for the kappa locus; and BAC 526 G4-5' CEN, BAC 60 B5-3'tel, BAC 865 E9-3'tel for the lambda locus.
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Results
Patients' clinical characteristics
The clinical characteristics and treatment of the 16 cases are listed in Table 1 . All patients presented with poor prognosis features: B symptoms were present in 13 cases and ECOG Performans Status was >2 in 13 cases; all cases had stage IV disease and elevated LDH level in the serum. Seven cases had an elevated leukocyte count with circulating tumor cells. Extranodal sites of disease were bone marrow (15 cases), CNS (8 cases), blood (7 cases), pleural effusion (5 cases), skin (2 cases), liver (1 case), lung (1 case), testis (1 case) and stomach (1 case). Furthermore, 14 cases had at least two extranodal localizations. The age-adjusted IPI score was 2 in 3 cases and 3 in 13 cases.
After induction chemotherapy, five and seven patients reached complete remission (CR) and partial remission (PR), respectively. Four patients progressed during initial therapy. We performed autologous or allogeneic stem cell (from a matched sibling donor) transplantations in three and two cases, respectively. Status at the time of transplantation was CR in two cases and PR in three cases. The median PFS and OS were 4 and 5 months, respectively. All patients died of disease progression. Only one patient (case 2) survived more than 1 year. At the time of relapse, she received salvage chemotherapy (IVAM) and reached a second CR but relapsed a few months later. Because of a PR status after induction therapy, one patient (case 4) received three cycles of DHAP regimen before autologous stem cell transplantation. Five patients received rituximab in association with chemotherapy. Addition of rituximab did not modify either PFS or OS. 
Morphological findings
Immunophenotypic findings
Immunophenotypic findings are summarized in Table  2 . Immunohistochemistry analysis was performed in 11 cases. All tumor cells were positive for CD20 and negative for CD3. We demonstrated a GC profile (CD10 + [ 
11/11] Bcl6
+ [6/7] and Mum1 - [11/11] ) in all cases (Hans' system). Bcl-2 protein was consistently expressed with strong immunostaining (100%) in ten out of 11 cases, including the case of so-called atypical BL. The Ki-67 staining ranged from 70% to 90%.
Flow cytometry analysis was performed on peripheral blood and/or bone marrow aspirates in 13 cases. Lymphoma cells demonstrated a B-cell lineage. All cases were positive for CD19, CD20 and CD38. Only one case (case 8) was CD5 positive. In 11 cases, lymphoma cells were CD10 positive. A monotypic surface immunoglobulin light chain was observed in 12 cases (κ in 6 cases and λ in 6 cases).
Conventional cytogenetic (CC) and FISH findings
CC and FISH findings are presented in Table 3 and Figure 2 shows the karyotype and FISH analysis in one case (case 9). CC was performed in ten cases. All cases had a complex karyotype with several abnormalities. CC showed t(14;18) in eight cases (patients 3-6, 8-10). In two cases (cases 2 and 7), CC suggested a 14q32 rearrangement that was confirmed by FISH. CC showed t(8;22)(q24;q11) in three cases (cases 5, 8 and 10), t(8;14)(q24;q32) in two cases (cases 3 and 7) and t(2;8)(p12;q24) in one case (case 9). Interestingly, CC identified a t(8;9)(q24;p13) in one case (case 4).
IGH/BCL2, BCL6 and 8q24/c-MYC rearrangements were assessed in all cases using FISH. FISH was performed from BM aspirates in 14 cases and pleural effusion in two cases. A total of 200 interphases cells was systematically analyzed. All cases were positive for both IGH/BCL2 and 8q24/c-MYC rearrangements. Four of 16 cases also had a BCL6 rearrangement.
Discussion
We described a series of 16 cases of DLBCL with concurrent t(14;18) and 8q24/c-MYC rearrangement. Mufti et al. were the first to report this dual translocation in a patient with acute lymphoblastic leukemia. 28 In our series, the morphological and immunophenotypic findings were consistent with the diagnosis of DLBCL with a GC profile in all cases. In contrast to Kunango and colleagues, but as recommended by the WHO classification, we classified the present lymphoid neoplasms as DLBCL according not only to morphological criteria but also to immunophenotypic and cytogenetic findings. 
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high (n=13) IPI score and high Ki-67 staining (70% to 90%). Extranodal sites of disease were bone marrow (93%), CNS (50%), blood (44%) and pleural effusion (31%). The median PFS and OS were 4 and 5 months, respectively. These results are clearly worse than those reported in standard intermediate-high or high IPI DLBCL and consistent with the findings of both. Kanungo and Macpherson. 2, 29, 30 In the same period of time, we identified 22 DLBCL patients with complex karyotypes without t(14;18) and 8q24/c-MYC rearrangements. In this cohort, six patients died of disease progression. The other patients are still alive with a median follow-up of 17.5 months (range, 9 to 94 months). This suggests that the poor prognosis of patients with t(14;18) and 8q24/c-MYC rearrangement is due to this specific dual translocation and not to karyotype complexity. The duration of response and outcomes of the patients with the dual translocation were worse than those of patients with BL or transformed lymphoma. [31] [32] [33] This may be related to Bcl-2 protein that opposes mitochondrial apoptotic pathways and confers resistance to chemotherapy-induced apoptosis whereas c-MYC protein promotes cell cycling and tumor proliferation.
Translocation t(14;18) is a cytogenetic abnormality associated with FL. We postulated that the 8q24/c-MYC rearrangement is an additional oncogenic event arising in FL cells and linked to aggressive transformation.
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Transformation from indolent lymphoma with t(14;18) to aggressive lymphoma with 8q24/c-MYC rearrangement was described by McDonnell and Korsmeyer. 35 These authors demonstrated that mice with overexpression of Bcl-2 had an indolent follicular hyperplasia that progressed to DLBCL with 8q24/c-MYC rearrangement in half of the cases. In our series, one patient had a prior history of documented FL (case 1) and one (case 10 ) had coexisting FL and DLBCL cells at diagnosis. We isolated low grade lymphoma within the bone marrow in two cases (case 15 and 16), although there was not sufficient material to classify the low grade NHL. Thus, four cases out of 16 were considered as aggressive transformation of prior indolent lymphoma. However, it remains possible that the 12 remaining cases were transformed FL or low grade NHL in which the underlying FL or low grade NHL was not detected. In Kanungo's report, three patients were diagnosed as having DLBCL and nine patients as having BL or atypical BL. One case had a lowgrade B-cell lymphoma neoplasm but no case had a prior history of FL. 29 Yano and colleagues reported on a series of 36 patients with transformed FL with BCL2 rearrangement and identified three patients with a 8q24/c-MYC rearrangement. 36 Macpherson et al. reported on a series of 13 DLBCL with this dual translocation including six patients with transformed FL.
30 In Thangavelu's report, two patients out of six had a prior history of FL. 37 Indeed, most cases do not have t(14;18) prior to 8q24/c-MYC rearrangement. The 8q24/c-MYC rearrangement is observed in BL, atypical BL and DLBCL. In the present series, t(8;14)(q24;q32) and t(8;22)(q24;q11) translocations were the most frequent translocations. This observation is consistent with Kunango's findings. Interestingly, we also identified a 8q24/c-MYC translocation variant associated with t(14;18)(q32;q21). The t(8;9)(q24;p13) translocation has never previously been reported in DLBCL. We identified PAX-5 as the partner gene. To the best of our knowledge, only three such cases have been reported in the literature in patients with B-cell acute lymphocytic leukemia.
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The Bcl-6 protein is a transcriptional repressor expressed within GC B cells and required for GC formation in response to antigen stimulation. 40, 41 Cattoretti et al. demonstrated the oncogenic role of Bcl-6 in DLBCL. 42 Compared to activated B-like DLBCL, GC-DLBCL have been shown to have a better prognosis. 43 Our findings and other studies do not confirm this result in the subgroup of DLBCL with t(14;18) and 8q24/c-MYC rearrangement. However, only four patients in our series had the Bcl-6 rearrangement and conclusions are not, therefore, possible. Based on transcriptional and genomic profiling analysis, two reports highlighted the molecular differences that distinguish BL and atypical BL from DLBCL.
14, 15 Hummel and colleagues distinguished three subgroups of DLBCL without a molecular BL-signature.
14 According to their classification, our series of patients would be classified in the so-called c-MYC-complex subgroup. In Hummel's study, 46% of the cases of DLBCL 
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with 8q24/c-MYC breakpoints had concurrent BCL2 and BCL6 translocations. The authors demonstrated that the presence of 8q24/c-MYC breakpoints is associated with a poor 5-year survival rate. They hypothesized that the c-MYC breakpoint is a secondary event which appears during clonal evolution. Dave and colleagues showed that the molecular signature of DLBCL with c-MYC t(8;14) differs from that of BL. 15 These two reports confirm the molecular differences between BL and DLBCL and show that DLBCL with 8q24/c-MYC constitute a heterogeneous subgroup of DLBCLs.
The present report describes a subgroup of DLBCL defined by a concurrent t(14;18) and 8q24/c-MYC rearrangement. To the best of our knowledge, our series is the most important reported in the literature so far. DLBCL with t(14;18) and 8q24/c-MYC rearrangement are characterized by an aggressive clinical presentation, morphological and immunophenotypic features of GC-DLBCL, complex karyotype and very poor prognosis. It is worth searching for concurrent t(14;18) and 8q24/c-MYC rearrangement in Bcl-2-positive DLBCL with an unusually aggressive presentation because, given their dismal prognosis, these patients need to be identified as soon as possible and should be considered eligible for innovative upfront, treatments. 
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